Cryptosporidium parvum is an obligate intracellular protozoan capable of causing severe diarrheal disease in a wide variety of mammals, including humans. C. parvum infection has been associated with induction of apoptosis in exposed epithelial cells, and we now demonstrate that apoptosis is restricted to a subset of cells actively infected with C. 
Apoptosis is programmed cell death that can occur in response to intracellular and extracellular signals (26, 62) . This process eventually leads to the packaging of cell contents into apoptotic bodies that can be phagocytosed by other cells without induction of a strong inflammatory response. In contrast, necrosis is typified by rapid cell swelling and lysis and is a random pathological form of cell death due to acute cellular injury and which normally induces a strong immune response (26, 62) . Apoptosis is an evolutionarily conserved mechanism orchestrated by the cell's genome-encoded proteins. The key morphological changes of apoptosis are mediated by caspases (54) , a very conserved and tightly regulated family of intracellular cysteine proteases. Once an initiator caspase is activated, it processes downstream effector caspases that are responsible for apoptosis (17) . Given that apoptosis signaling mediated by caspases is irreversible, procaspase activation and caspase activities must be precisely regulated in order to prevent the undesired death of host cells (21, 54) . Direct inhibition of caspase activity by cellular inhibitor of apoptosis proteins (IAPs) is one of the most important mechanisms for apoptosis inhibition. Eight human IAP homologues have been identified, including NAIP, c-IAP1, c-IAP2, XIAP, survivin, Bruce, ILP-2, and livin (13, 60) . It has been demonstrated that XIAP, c-IAP1, and c-IAP2 are able to directly inhibit caspase-3, -7, and -9 (50, 56) , while survivin binds specifically to the effector cell death proteases caspase-3 and -7 but not to the initiator protease caspase-8 (15, 42, 55, 57) .
By residing inside host cells, intracellular pathogens are protected from many host immune responses. However, host cells can employ apoptosis as a defense mechanism to impede replication of intracellular pathogens (5, 22, 26, 62) . Since intracellular pathogens depend on the host cell machinery to complete their life cycle and at the same time require intact host cells to shield themselves from the host immune defense system, it is not surprising that many intracellular parasites are able to manipulate the apoptosis pathways of host cells. Viruses, such as adenovirus, poxvirus, baculoviruses, and hepatitis virus (32, 39, 49, 63) , and bacteria, including Chlamydia, Shigella flexneri, Rickettsia, Brucella melitensis, and Ehrlichia (11, 20, 24, 25) , have evolved a variety of strategies to block apoptosis at different stages within the apoptotic pathways. However, our understanding of apoptosis inhibition by intracellular protozoan parasites remains limited (5, 26) .
Cryptosporidium parvum is an obligate intracellular parasite that causes severe acute gastrointestinal illness in animals, including humans. Experimental C. parvum infections of different human cell lines and neonatal mouse models have demonstrated apoptosis in epithelial cells and blunting of intestinal villi of the small intestine (3, 10, 18, 41, 52) . Toxoplasma gondii, Trypanosoma cruzi, and Leishmania infections are accompanied by host cell apoptosis, which has been interpreted as an important defense strategy for the host (5, 26, 40, 46) . C. parvum infection has been shown to induce caspase activation and Fas ligand-mediated apoptosis (8, 38, 41, 44) . This process is associated with a dramatic reduction in the number of intracellular parasites (8, 38, 64) , indicating that host cell apoptosis impairs C. parvum development in vitro. However, C. parvum is highly infectious, and as few as 1 to 30 oocysts can cause clinical disease in humans or animals (7, 16) . Therefore, C. parvum may have evolved means to control host cell apop-tosis to facilitate the establishment of infection in the newly exposed host.
Currently, the molecular mechanisms involved in regulating apoptosis during C. parvum infection remain unclear. We report here that apoptosis of intestinal epithelial cells occurs during C. parvum infection, but only in a minority of infected cells. C. parvum infection protected the HCT-8 cell cultures from staurosporine-induced apoptosis and was associated with the upregulation of genes encoding IAP family members, including c-IAP1, c-IAP2, XIAP, and survivin. Finally, knockdown of survivin by RNA interference (RNAi) increased caspase-3/7 activity and apoptosis of HCT-8 cells and decreased parasite load.
MATERIALS AND METHODS
C. parvum infection model. C. parvum oocysts (Iowa strain) were purchased (Bunch Grass Farm, Drury, ID) and stored in antibiotics at 4°C. Before infecting the cells, oocysts were surface sterilized by treatment with a 33% Clorox bleach solution (1 ml/3 ϫ 10 7 oocysts) on ice for 7 min, washed profusely with Hanks' buffered saline solution, and stored in Hanks' buffered saline solution at 4°C overnight. Monolayers of the human ileocecal adenocarcinoma (HCT-8, ATCC CCL-244; American Type Culture Collection, Manassas, VA) cell line were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum in a humidified incubator at 37°C in an atmosphere containing 5% CO 2 and infected as previously described (58) . Briefly, sterilized oocysts were warmed to room temperature for 30 min and inoculated onto HCT-8 cell monolayers at a ratio of one oocyst per cell. Following a 2-h excystation period, unexcysted oocysts and free sporozoites were washed from monolayers with warm RPMI 1640 medium, and cultures were incubated in C. parvum infection medium (14, 53, 58) for specified time points at 37°C. The infection rate was 80% to 90% at 24 h, depending on the batch of oocysts and the storage period. Cells without infection were used for mock controls.
Gene silencing by RNAi. Chemically synthesized small interfering RNA duplexes (siRNA) for c-IAP1 (5ЈGUUCAAGCCAGUUACCCUCTT), c-IAP2 (5ЈAACAG TGGATATTTCCGTGGC), XIAP (5ЈAAGTGGTAGTCCTGTTTCAGC), and survivin (5ЈGGACCACCGCAUCUCUACATT) and control (scrambled) siRNAs corresponding to sequences that did not match any human transcripts were purchased (Ambion, Austin, TX). Transfections were performed with HCT-8 cells cultured to approximately 70% confluence in 24-well plates using SiPORT Amine transfection agent (Ambion, Austin, TX) according to the manufacturer's instructions. Briefly, 2.5 ϫ 10 5 HCT-8 cells were seeded in complete growth medium 1 day before transfection. For each transfection reaction, 3 l SiPORT Amine was diluted into 46 l Opti-MEM serum-free medium. siRNA-amine complexes were prepared by mixing 1.25 l of siRNA (20 M) with 49 l Opti-MEM serum-free medium containing amine. The final concentration of the siRNA was 100 nM. Transfections were performed in 250 l of serum-free medium for 24 h. Thereafter, 0.5 ml of fresh medium containing 10% (vol/vol) fetal bovine serum was added to achieve complete growth conditions. In each experiment, untreated controls were included. Cells were infected with C. parvum at 48 h after transfection. Total RNA was harvested from all cultures, performed in triplicate, at 24 and 48 h postinfection (p.i.) and prepared for quantitative reverse transcription-PCR (qRT-PCR). Data from three independent biological experiments are presented.
Immunofluorescence analysis of C. parvum and apoptosis. Confluent HCT-8 cells grown in 24-well tissue culture plates were infected with C. parvum for different time periods. Cells were fixed in 2% paraformaldehyde, permeabilized with 0.2% (vol/vol) Triton X-100 in phosphate-buffered saline (pH 7.4), and immunostained for C. parvum, followed by DAPI (4Ј,6Ј-diamidino-2-phenylindole) treatment, as previously described (37) . C. parvum was visualized by staining with the monoclonal antibody Cp-65.10, which binds to all C. parvum life stages (unpublished data), followed by a Cy3-labeled anti-mouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Nuclear staining was visualized using 5 ng/ml DAPI (Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were assessed by immunofluorescence microscopy. Number of infected cells and nuclear condensation, an indicator of late apoptosis, were scored for each well at each time point. Over 1,000 cells were counted.
Colorimetric caspase activity assay. Caspase activities from C. parvum-infected HCT-8 cells were measured with the Caspase Colorimetric Substrate Set II Plus kit (Lab Biovision, Palo Alto, CA) according to the manufacturer's instructions. In brief, protein extracts (100 g) collected from infected and control cultures were added to a reaction buffer containing p-nitroanilide-labeled specific caspase substrate and incubated for 12 h at 37°C. Relative caspase activity was measured as optical density at 405 nm. Results are presented as the means of the three replicates from three independent experiments.
Apo-ONE homogeneous caspase-3/7 assay. Caspase-3/7 activities were measured using the Apo-ONE Homogeneous Caspase-3/7 Assay kit (Promega, Madison, WI) according to the manufacturer's suggestions. HCT-8 cells were plated in 24-well cell culture plates and transfected with siRNA complexes (c-IAP1, c-IAP2, XIAP, and survivin), followed by infection with C. parvum, as described above. At specified time points p.i., infected monolayers were washed once with C. parvum infection medium and then exposed to staurosporine (10 M final concentration) in fresh C. parvum infection medium for an additional 2 h. A total of 80,000 cells from each sample were collected, lysed with lysis buffer containing caspase substrate Z-DEVD-R100, and incubated at room temperature for 12 h. Caspase-3/7 activities were measured as fluorescence released from Z-DEVD-R100 at 485/535 nm (excitation/emission) using a fluorescence microplate reader (BMG Lab Technologies, Durham, NC). Results are presented as the medians of the four replicates in one representative of three independent experiments.
Caspase inhibition and apoptosis induction. The pan-caspase inhibitor peptide VAD-FMK and inactive analog Z-FA-FMK (Lab Biovision, Palo Alto, CA) were added to the culture medium at 50 M at 1 h prior to infection and maintained in the medium for the duration of the experiments. Staurosporine was added to the culture medium at 10 M and incubated for 2 h. These cultures were either processed for microscopy or harvested for protein extracts as described above. Apoptotic cells were scored from at least three fields of four replicates in one experiment.
Real-time PCR analysis. Total RNA was prepared using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Purified RNA was treated with RNase-free DNase (Qiagen, Valencia, CA). Two micrograms of RNA was reverse transcribed in a 20-l reaction mixture primed by random hexamers and catalyzed by Superscript II (200 units; Invitrogen, Carlsbad, CA). Real-time PCRs were performed on the MX3000P detection system (Stratagene, La Jolla, CA) using Sybr green QPCR master mix (Stratagene, La Jolla, CA) and 6 ng cDNA as the template. Gene-specific primers (Table 1) were added at a 50 nM final concentration and were designed to yield products of The data for real-time PCR and the colorimetric caspase activity assay are expressed as means Ϯ standard errors of the means. For the colorimetric caspase activity assay, the significance of difference was determined by one-way analysis of variance (P Ͻ 0.05). All other results are medians Ϯ ranges (from the minimum to the maximum value), and the significance of difference were analyzed by the nonparametric Mann-Whitney test.
RESULTS
C. parvum infection leads to cellular apoptosis. Previous C. parvum studies showing the occurrence of apoptosis during infection appear to be at odds with infection studies that demonstrate clinical disease occurring with extremely low doses of C. parvum oocysts. Conversely, one study reported clear evidence of apoptosis inhibition (37) . To clarify, we reexamined C. parvum infection in an HCT-8 intestinal epithelial cell in vitro model. Confluent HCT-8 cells were infected at a parasite/ cell ratio of 1:1, and cultures were stained for parasites and the appearance of chromatin condensation characteristic of apoptosis (Fig. 1A) . As shown in Fig. 1B , apoptotic cells started to appear at around 12 h p.i., reached maximum of 20% at 24 h p.i., and remained static at 48 h p.i. This is in agreement with prior reports (37) . By 24 h p.i., 91% of the cells were infected, indicating that apoptosis is not a major response by the host HCT-8 cells. Importantly, apoptosis colocalized with cells containing parasites, as we detected apoptosis in only 3% of the cells not infected by C. parvum, which is consistent with the background level of apoptotic cells in our cell culture system. Infection of HCT-8 cultures at a low multiplicity of infection (1:10) also did not reveal apoptosis in neighboring uninfected cells (data not shown). These observations suggest that apoptosis in infected cells or neighboring cells is not an effective response to limit intracellular replication of C. parvum, as only 20% of the infected cells are eliminated by apoptosis.
C. parvum inhibits host cell apoptosis. Caspase activation in cells infected with C. parvum correlated with the low fraction of apoptotic cells (Fig. 2) . Compared to those in uninfected cultures, the activities of initiator caspase-4 ( Fig. 2A) and effector caspase-3 and -6 (Fig. 2B) were increased by 2-to 2.5-fold at 24 h p.i., and they declined by 48 h. The activities of initiator caspase-2, -8, and -9 were observed to be only slightly elevated at 24 h ( Fig. 2A) . We did not find significant activation of caspase-1 and caspase-10 in the same infected cells that displayed caspase-3, -4, and -6 activation (data not shown). The kinetics of caspase activation correlated with the low level of 20% apoptosis observed in C. parvum-infected cell cultures. To assess whether apoptosis in C. parvum-infected intestinal epithelial cells requires caspase activation, we treated HCT-8 cells with pan-caspase inhibitors 1 h before and during C. parvum infection for 24 h and 48 h. As shown in Fig. 3 , compared to infected cells without inhibitor treatment, pretreatment with pan-caspase inhibitor resulted in markedly reduced apoptosis in the infected HCT-8 monolayers. This result suggests that C. parvum-associated apoptosis of epithelial cells is mediated in large part by caspase activation.
To determine whether C. parvum-infected HCT-8 cell are able to undergo apoptosis, we induced apoptosis with staurosporine and measured caspase activity. Staurosporine (10 M final concentration) treatment for 2 h was sufficient to induce 60% apoptosis in HCT-8 cells (data not shown) and induced a sevenfold increase in caspase-3/7 activity (Fig. 4A) . However, only a 2.5-fold increase in caspase-3/7 activity compared to that in control cultures was detected in cultures infected with C. parvum for 24 h. Treatment of infected cells (24 h p.i.) with staurosporine for 2 h did not increase caspase-3/7 activity above that observed for infection alone (Fig. 4A) . These results demonstrate that C. parvum infection actively inhibits staurosporine-induced caspase-3/7 activity. Caspase-3/7 activity was significantly lower in cells infected with C. parvum for 24 h and 48 h prior to treatment with staurosporine for 2 h than in control uninfected cells. However, caspase-3/7 activity induced by staurosporine was not affected in cells treated at 6 h p.i. (Fig. 4B) . These results suggest that C. parvum actively inhibits caspase activation in intestinal epithelial cells, but this does not occur immediately after attachment of sporozoites to the host cell. C. parvum infection increases levels of transcripts of genes encoding IAPs. C. parvum may inhibit apoptosis in part by suppressing full activation of effector caspases. In addition, prior expression microarray work from our lab suggested that induction of IAP genes occurs during HCT-8 infection by C. parvum (J. Liu et al., unpublished data). We confirmed microarray results for c-IAP1, c-IAP2, XIAP, survivin, livin, and NAIP (Fig. 5A) by qRT-PCR. Transcripts for c-IAP1 and c-IAP2 were twofold higher than those in uninfected cells at 12 h and remained elevated until 48 h. XAIP transcript levels were also increased over twofold at 24 h and 48 h. Expression of survivin was delayed compared to that of the other IAPs and reached a 4.3-fold increase at 48 h p.i. NAIP and livin transcript levels were too low to be detected in our experimental system (data not shown). Thus, c-IAP1, c-IAP2, XIAP, and survivin expression was upregulated in C. parvum-infected cells, albeit with different kinetics. Increased expression of genes that disrupt caspase activities is consistent with C. parvum infection actively inhibiting apoptosis of host cells.
Knockdown of cellular survivin increases apoptosis and caspase-3/7 activity of infected epithelial cells. To examine whether IAPs are required for inhibition of caspase activation in C. parvum-infected cells, siRNA silencing was performed. (Fig. 6) . However, siRNA knockdown only of survivin, and not that of c-IAP1, c-IAP2, or XIAP, caused a significant increase in apoptosis at 24 and 48 h (Fig. 7) . These data suggest that both XIAP and survivin are involved in blocking caspase activity but that survivin induction (4) has shown that 18S rRNA gene expression correlates well with the number of live C. parvum parasites. C. parvum 18S rRNA transcripts in cultures treated with survivin siRNA were decreased by 2-fold at 24 h and by 10-fold at 48 h (Fig. 8) . Knockdown of c-IAP1, c-IAP2, or XIAP by siRNA did not significantly affect C. parvum 18S rRNA expression at 24 h p.i. However, inhibition of c-IAP2 transcripts decreased parasite 18S rRNA levels twofold at 48 h. Our results suggest that upregulation of survivin during parasite infection is required to block cellular apoptosis and that the inhibition of host cell apoptosis promotes C. parvum infection and development.
DISCUSSION
Apoptosis of infected host cells is widely recognized as an immediate defense response to limit the spread of certain infections (23, 26) . Cell death is thought to help contain the spread of infection by impeding replication of the intracellular parasite. Moreover, cell removal by apoptosis is a normal ongoing process for the intestinal epithelial cell at the end of its 3-day life span. Apoptosis ensures the integrity of the epithelial barrier and prevents unwarranted activation of inflammatory responses. Previous studies have implicated apoptosis as an important defense mechanism against C. parvum infection (3, 18, 38, 41) . However, C. parvum is extraordinarily infectious and requires few oocysts to initiate disease (28) . C. parvum appears to have evolved the ability to neutralize the immediate cellular apoptosis response in order to establish infection and to permit life cycle progression (37, 64) .
Many intracellular pathogens target caspase signaling as a means to impede apoptosis of the infected host cell. We show in this study that C. parvum inhibits apoptosis of infected human intestinal epithelial cells. C. parvum infection of HCT-8 Caspase activation induced by staurosporine was significantly reduced in infected cultures, and C. parvum infection increased mRNA levels for the c-IAP1, c-IAP2, XIAP, and survivin antiapoptotic genes at between 12 and 48 h p.i. Experimental siRNA depletion of either survivin or XIAP resulted in increased effector caspase-3/7 activity, whereas only depletion of survivin both increased cellular apoptosis and reduced parasite growth. In the course of normal infection, both caspase activity and apoptosis peaked at 24 h and then decreased slightly through 48 h ( Fig. 1B and 2 ). These kinetics correspond to the induction of transcripts for survivin and IAPs, which continued to increase between 24 and 48 h (Fig. 5A) . Conversely, when survivin expression was inhibited by siRNA treatment, apoptosis remained elevated after 24 h, and caspase activity continued to increase ( Fig. 6 and 7 ). Together these data show the importance of survivin in preventing apoptosis during later stages of C. parvum infection. c-IAP1, c-IAP2, and XIAP promote cellular survival by inhibiting apoptosis in many infection models (30, 48, 61, 66) . It is likely that several pathways contribute to the overall blockade of cellular apoptosis and that cell death or survival teeters on the net balance of these competing pathways. Toward this end, Bcl-2 expression is induced during C. parvum infection (38) and may contribute to the blockade of apoptosis early in infection. It has been shown that NF-B activation is associated with C. parvum infection of epithelial cells and that inhibiting NF-B activation promotes apoptosis (9, 37) . However, it is not clear which NF-B-regulated host genes are responsible for inhibiting apoptosis during C. parvum infection, and the key components in the rescue from apoptosis may be different depending on the cell type and the pathogen in question. Expression of both IAPs and survivin can be regulated by NF-B activation. siRNA depletion experiments suggested that IAPs have some role in blocking apoptosis but that survivin is most critical after 24 h. Infection of HeLa cells with Chlamydia trachomatis upregulated cellular c-IAP2 and survivin levels (48) . In contrast to what we observed for C. parvum, depletion of c-IAP1, c-IAP2, or XIAP, but not survivin, sensitized C. trachomatis-infected cells for apoptosis. c-IAP1, c-IAP2, and XIAP form heteromeric complexes in C. trachomatis-infected cells, and depletion of any one IAP caused disintegration of IAP complexes, leading to increased apoptosis (48) . The interactions between c-IAP1, c-IAP2, and XIAP are essential for recruitment of caspases. Survivin is not part of these complexes (48) , yet our work showed that C. parvum required survivin to inhibit apoptosis of infected cells. Survivin is required to preserve viability of dividing cells and is specifically involved in S phase and G 2 /M phase cell cycle progression (1, 6, 34) . It is interesting to note that C. parvum infection and development have a significant preference for mitotic cells in S/G 2 /M phase cells (65) . Inhibition of caspase activation was sensitive to both XIAP and survivin gene expression knockdown. IAP complexes (XIAP-IAP1-IAP2) and survivin appear to act independently to inhibit caspase activities and apoptosis. C. parvum has a greater requirement for survivin to inhibit host cell apoptosis than C. trachomatis, which requires formation of a XIAP-IAP1-IAP2 complex (48) . Inhibition of caspases likely contributes to host cell survival, but it is unclear at this time how survivin contributes to blockade of apoptosis. Its role in cell cycle regulation must be considered.
Survivin has been shown to prevent cellular apoptosis in other infection models (36, 47) . The hepatitis B virus HBX protein interacts with the cellular survivin and the HBXIP complex to suppress caspase activation and apoptosis in a survivin-dependent manner (47) . Infection with the polyomavirus JC virus induces strong cellular survivin expression in glial cell cultures and oligodendrocytes which protected infected cells from apoptosis and advanced JC virus infection (36, 47) . Similarly, depletion of survivin significantly decreased C. parvum 18S rRNA accumulation, indicating that progression through the C. parvum life cycle requires survivin expression within the infected host cell. It is likely, but not proven, that the dependency for survivin is its role in preventing apoptosis, which allows the parasite time to progress through its complicated life cycle, rather than a direct requirement of C. parvum for survivin. It is also completely unknown which C. parvum proteins or factors are involved in regulating cellular antiapoptotic gene expression.
The HCT-8 cell line mimics the cell cycling and relatively undifferentiated state of the intestinal crypt cells, permitting the complete parasite development from sporozoites to sporulated oocysts for both human and cattle genotypes (27) . In vivo, intestinal epithelial cells are governed by the Wnt gradient, which forms undifferentiated cells at the crypt and fully differentiated and dying cells at the villus tip (51, 59) . In vivo, C. parvum appears to replicate in the basal crypt cells (52) , and parasite development has a significant preference for mitotic cells in S/G 2 /M phase cells (65) . Survivin also has a role in cell cycle progression (1, 6, 34) , and its expression is controlled by cell cycle pathway components such as Myc and PTEN that are active only in the undifferentiated cells (12, 19) . If C. parvum can turn on survivin to manage apoptosis, it is also possible that this same mechanism operates to lock the host cell in a relatively undifferentiated state. Many viruses are known to usurp both the cell cycle and apoptosis (2, 29, 31, 33, 43, 45) . It would be very interesting to determine whether induction of epithelial cell differentiation has an effect on C. parvum infection and apoptosis.
This study demonstrated the essential role of survivin in preventing apoptosis of HCT-8 epithelial cells during C. parvum infection in a process associated with decreased caspase activation. Taken together, these data are consistent with a model in which C. parvum actively inhibits apoptosis of host cells by upregulation of the c-IAP1, c-IAP2, XIAP, and survivin genes. Our studies demonstrate for the first time that the marked resistance to apoptosis and suppression of caspase activation observed in C. parvum-infected cells were due to the infection-induced upregulation of survivin that specifically blocked the activation of effector caspase-3 and -7. However, a delicate and dynamic balance of pro-and antiapoptotic signals determines the fate of a cell. While survivin appears to be a key requirement for rescue of the C. parvum-infected cell from apoptosis, it is probable that other antiapoptotic genes such as Bcl-2 family member contribute to this interaction, particularly at different stages of infection.
